Hyperspherical close-coupling method is used to calculate the elastic, positronium 
Introduction
The scattering between a positron and an atomic hydrogen is one of the simplestlooking quantum mechanical three-body problems. Yet it poses major challenge for theorists as well as for experimentalists over the years. The difficulty of formulating a satisfactory theoretical approach which accounts for all the possible inelastic transitions, including excitation, positronium formation, and ionization processes in a broad energy range is responsible for the slow progress in this field.
In the past, positron-hydrogen atom scattering has been treated theoretically using the standard methods generalized from electron-atom scattering, such as the close cou-In this paper we report new results for the J=2 partial wave for the positronhydrogen atom scattering using the HSCC method. The HSCC method is briefly reviewed in Section 2 and recent numerical implementations are addressed. The results for the calculated inelastic scattering cross sections and resonance parameters are presented in Section 3. Adiabatic hyperspherical potential curves are used to assist the interpretation of the calculated resonances. A final summary is given in Section 4.
The Hyperspherical Close Coupling Method
First we define the Jacobi coordinates of the three particles. There are three possible choices of the Jacobi coordinates, as depicted in Fig. 1 . From each set of Jacobi coordinates, ρ 1 and ρ 2 , a set of hyperspherical coordinates can be defined. In hyperspherical coordinates, the wavefunctions Ψ are shown to satisfy
where R is the hyperradius, φ is the hyperangle andΩ denotes collectively the four orientation angles of vectors ρ 1 and ρ 2 . The adiabatic Hamiltonian H ad is the total
Hamiltonian of the system in the center-of-mass frame evaluated at a constant value of the hyperradius and µ is a scaled mass.
In the HSCC approach, the hyperradius is divided into two regions at R=R 0 . In the inner region R≤ R 0 where all the three particles interact with each other, the wavefunctions are to be expressed in terms of hyperspherical coordinates. In the outer region, the three-body system breaks into a single particle and a pair of particles in some bound states. In this outer region, the wave functions are appropriately expressed in terms of Jacobi coordinates for each arrangement.
In the so-called diabatic-by-sector method, the inner region is further divided into many small sectors. Within each sector, the wave function is expanded as
where we have expressed the wave functions in the body-frame of the system, with the z'-axis chosen to be along the line connecting from the positron to the proton. The y'-axis is chosen to be perpendicular to the plane of the three particles and that the electron is always on the +x' side. In (2), the normalized D-function has good-parity [23] , with the ω's being the Euler angles. The angle θ is between the two vectors, ρ 1 and ρ 2 , φ is the hyperangle and ν is the channel index. R a is chosen at the midpoint of the sector, J is the total angular momentum, I is the absolute value of the projection of J along the body frame's z ′ axis and running from 0 to J for (−1) J P = 1 states and from 1 to J for (−1) J P = −1 states, with P being the parity.
We solve the basis functions Φ νI (R a ; θ, φ) at R a for a fixed I component on the (θ, φ) plane using the finite-element method. The hyperradial function satisfies a set of
where the coupling matrix elements V's are defined explicitly in Zhou and Lin [12] .
In the practical implementation of the HSCC method, the set of hyperradial equations (3) are integrated within each sector. Starting with the innermost sector, the integration is continued until it reaches the boundary of the next sector. At this boundary, the total wave functions are expanded in terms of basis functions of the next sector from which integration within the next sector can be carried out. This procedure is continued from small hyperradius to R 0 where the wave function is matched to an outside solution expressed in terms of independent electronic coordinates ρ 1 , ρ 2 . From the matching, one can extract the K-matrix and the partial scattering cross sections
where k is the momentum of the incident particle.
In order to be able to calculate excitation and positronium formation cross sections to excited states, the matching radius R 0 should be chosen at a relative large value, and the hyperspherical basis functions also have to be evaluated at large values of R. In the large R region, the basis functions for the lower channels are located near the singularities of the potential surfaces. We improve the numerical accuracy by introducing two new angles which are more appropriate for describing the large R region, as discussed in Zhou and Lin [14] . Another complication due to the degenerate hydrogenic excited states is that the coupling among the different subshells in a given principal quantum number is quite large. To accommodate the interaction among the degenerate hydrogenic states, we use the dipole states of Gailitis and Damburg [24] and of Seaton [25] .
The details of this transformation is also discussed in Ref.
[14].
Results and Discussion
To obtain results for D wave scattering, the basis functions for the I=0, 1 and 2 components are first calculated. The matching radius is chosen at R 0 =250.655 a.u. and 351 sectors are used in the inner region. Since we are interested in energies below the H(n=4) threshold, in the solution of hyperradial equations (3) we include 21 basis functions for I=0, 13 for I=1 and 9 for I=2. The basis set can be enlarged to achieve higher accuracy but at the expense of more computing time.
In presenting the results, we first mention that the thresholds, in increasing order, for Ps(n=1), H(n=2), Ps(n=2), H(n=3) and H(n=4) are located at 0. The CC(6,6) results were different. We tend to believe that our results here are more accurate than those from the CC(6,6) calculations.
The HSCC method allows one to analyze qualitatively and semiquantitatively the resonance structures. In Fig. 3 we show the three adiabatic potential curves that are very close to the threshold and were not examined.
Excitation cross sections to the 2s and 2p states
We show in Fig. 4 Table 1 and the results for the first two are compared to the CC(6,6) results. Again the discrepancy is quite significant.
Our calculations show small structures near the H(n=2) threshold. We suspect that these structures are due to the relatively small basis functions used in this calculation.
We also show in Fig. 5 the three adiabatic potential curves that converge to the Ps(n=2) threshold. Note that the lowest curve is rather attractive. In fact, it behaves as −17.49/R 2 asymptotically. Note that the second curve in Fig. 5 has a small attractive part in the inner region, but the potential well is not strong enough to support a resonance.
Ps(n=2) formation cross sections
The cross sections for the positronium formation cross sections to 2s and 2p states are shown in Fig. 6 . These cross sections are quite small, about 0.5% of the cross sections for the elastic and the Ps(n=1) cross sections, and about 10% of the n=2 excitation cross sections. The resonances are quite pronounced in these small channels.
The resonance positions and widths below the H(n=3) threshold are studied and the results are shown in Table 1 . There are no other calculations available for comparison in this energy range. Table 1 .
Excitation cross sections to n=3 states
There are no other calculations available for comparison. The small structures near the threshold are likely due to the small number of hyperspherical channels used in the present calculation.
Careful analysis of the resonances at the higher thresholds is more difficult due to the numerous avoided crossings. For example, we show in Fig. 8 some of the adiabatic curves that converge to the H(n=3) threshold. We also show that the uppermost curve which converges to the Ps(n=2) limit has many avoided crossings with the H(n=3) curves.
Summary
In this paper we present D-wave results for the excitation and positronium formation cross sections in positron-hydrogen atom collisions at energies below the H(n=4) threshold using the hyperspherical close coupling method. There are few calculations available for comparison in the higher energy region considered in this paper. Together with our previous results for the S-and P-wave, we illustrated that the hyperspherical close coupling method provides a very powerful method for treating general rearrangement collisions. Calculations including the ionization channels are underway which would allow the HSCC method to be extended to the higher energy region. The method can be generalized to collisions between positrons and alkali atoms by employing a model potential description of the target atom. The uppermost curve converging to Ps(n=2) is also shown. 
